. Relationship between the b transus and hardness under as ST condition and after 30 % cold rolling reduction in various alloys.
Introduction
A wide variety of titanium alloys for medical implants have been developed and used during last three decades, [1] [2] [3] [4] and among these alloys, aϩb type titanium alloys such as Ti-6%Al-4%V or Ti-6%Al-7%Nb (chemical compositions are denoted by mass%, and the notation of % is eliminated hereafter) have been used the most widely. These alloys possess excellent mechanical properties, mechanical and thermal stability in ambient and elevated temperatures in addition to biocompatibility, and a longer history of practical use as medical implants over various b type titanium alloys. However, all of these aϩb titanium alloys have one disadvantage, namely, extremely poor cold workability. One of the present authors developed b-rich aϩb type titanium alloy registered as SP-700 alloy in the Aerospace Material Specifications, which possesses much improved cold workability over any other aϩb titanium alloys. [5] [6] [7] [8] The microstructural features of this alloy such as very fine twophase microstructures or formation of a large amount of retained b phase bring about marked improvement in cold workability. In addition, both these microstructural features and a large reduction in the b transus in SP-700 alloy compared with those in other aϩb titanium alloys give rise to excellent superplastic properties at low temperatures. However, SP-700 alloy with a composition of Ti-4.5Al-3V-2Fe-2Mo contains vanadium, which has been suggested to be one of the toxic elements in the human body. 9, 10) Thus, this alloy has not been used as medical implant materials, despite having very excellent mechanical properties.
The objectives of the present study are first to develop new aϩb titanium alloy with excellent cold workability, superplasticity and biocompatibility and secondly to evaluate various properties of newly developed titanium alloy. In alloy designing, use of b-stabilizing alloying elements such as V, Ni, Cu, or Cr was avoided for biocompatibility. In addition, cold workability of various alloys prepared using an argon arc melting furnace was evaluated based on a critical cold rolling reduction for onset of cracking as well as hardness under as solution treating (it is denoted as ST hereafter) condition or after cold rolling with various rolling reductions. This is the same evaluation method of cold workability as the one adopted in development of new b titanium alloy with excellent cold workability and cytocompatibility by the present authors.
11) The most optimum composition of new alloy was determined by investigations of the effects of O, Al, Nb, Fe, and Mo contents on cold workability of the alloy with a basic composition of Ti-4.5Al-4.5Nb-2Fe-2Mo. The microstructural variations such as a grain size or a volume fraction with ST temperature in
Alloy Design and Properties of New a a؉b b Titanium Alloy with Excellent Cold Workability, Superplasticity and Cytocompatibility
Takahiro HIRANO, 1) Taichi MURAKAMI, 2) Masayuki TAIRA, 3) Takayuki NARUSHIMA 2) and Chiaki OUCHI (Received on January 11, 2007 ; accepted on February 22, 2007 ) Alloy designing and evaluation of various properties of new aϩb type titanium alloy with excellent cold workability, superplasticity, and cytocompatibility were conducted. Alloy designing was performed by investigations of the effects of O, Al, Mo, Fe, and Nb contents on cold workability of the alloy with a basic composition of Ti-4.5%Al-4.5%Nb-2%Fe-2%Mo. Use of b stabilizing elements such as V, Ni, or Cu was avoided for biocompatibility. Cold workability was evaluated on the basis of a critical rolling reduction for onset of cracking, hardness under as solution treated condition and hardness variations with a cold rolling reduction. Excellent cold workability was obtained by enhanced thermal and mechanical stabilities of b phase and by lowered hardness of a phase in the aϩb two-phase microstructure. Newly developed alloy Ti-4.5%Al-6%Nb-2%Fe-2Mo showed the b transus of 1 156 K, a critical rolling reduction over 60 %, and yield strength in recrystallization annealing of 910 MPa. An extremely fine aϩb two-phase microstructure with a grain size of approximately 1 mm was evolved by annealing at 1 048 to 1 073 K, and a superplastic elongation value of around 3 000 % was obtained by tensile testing at these temperatures. New alloy showed an excellent cytocompatibility in a cell culture test using L929 cells, yielding a higher value of cell viability over Ti-6%Al-4%V and Ti-6%Al-7%Nb alloys.
newly developed alloy having the composition of Ti-4.5Al-6Nb-2Fe-2Mo were investigated, and the b transus of this alloy was obtained from b-approach curve. Tensile strength and superplastic properties of new alloy were evaluated by tensile tests at ambient and elevated temperatures, respectively, and cytocompatibility of new alloy was evaluated by a cell culture test using L929 cells compared with that of other titanium alloys and pure metals.
Experimental Procedures

Preparation of Titanium Alloys and Evaluation of
Cold Workability Chemical compositions of titanium alloys used in this study are listed in Table 1 . The b transus of a respective alloy shown in this table was calculated based on the equation formulated by one of the authors. 6) Chemical composition of the base alloy (No. 3 alloy in Table 1 ) was Ti-4.5Al-4.5Nb-2Fe-2Mo, in which V contained in SP-700 alloy was substituted by Nb with maintaining the almost same b transus. Possibility of use of oxygen as a substitute for aluminum in a stabilizing elements was examined for alloys of No. Table 1 . Ti-6Al-4V alloy of No. 11 was prepared as a reference alloy.
All alloys were prepared using an argon arc melting furnace with a non-consumable electrode. The melting raw material of titanium was C.P. (commercially pure) titanium sheet with a thickness of 0.4 mm containing oxygen of 0.06 %. Oxygen was added using TiO 2 powder. Other additives were Mo sheet with a thickness of 0.15 mm and a purity of 99.999 % and Nb and Fe powders with a purity of 99.9 %. For achievement of chemical homogeneity in ingots and fully melting of pure metals with high melting point such as Mo or Nb, special cautions were taken for a stacking method of raw materials before melting and melting conditions such as maximum electric current. The melting was repeated six times to prepare one ingot. The ingot size was 70
T mm, where L, B and T denote the length, width, and thickness, respectively. Ingots were hot rolled into 10 mm thick plates after heating at 1 373 K, and then the plates were reheated at 1 073 K, followed by the second rolling to 2.5 mm thick sheets. Hot rolled sheets were surface pickled and polished to 2.3 mm in thickness. A number of coupon specimens with a size of 60
T mm were prepared from hot rolled sheets, and these were solution-treated at temperatures ranging from 1 023 to 1 098 K for 3.6 ks. These coupon specimens were cold rolled with various rolling reductions. Hardness in solution treated and cold rolled sheets was measured using a Vickers hardness tester with a load of 1 kgf. Hardness of cold rolled sheets was measured at rolling reductions of approximately 15, 30, 40, 50, and 60 %. A critical rolling reduction for onset of cracking was examined in all alloys.
Evaluation of Properties in Newly Developed Tita-
nium Alloy A variation in the microstructure with ST temperature in newly developed alloy with a composition of Ti-4.5Al-6Nb-2Fe-2Mo was examined, and various properties such as tensile property, superplasticity or cytocompatibility were evaluated. New alloy ingot with the size of 140
T mm was prepared using the argon arc melting furnace in the same method described above. The chemical composition of this alloy was Ti-4.3Al-5.5Nb-2.1Fe-2.1Mo. This ingot was hot forged by aϩb processing using an industrial forging machine. The ingot was first hot forged to a round bar with a diameter of 20 mm after heating at 1 373 K, and this bar was then reheated at 1 073 K in the aϩb two-phase region, followed by second forging to a bar having a diameter of 8 mm with forging ratio of 5.
Small disk-shaped specimens with a diameter of 8 mm and a thickness of 3 mm were machined from the hot forged bar. A variation in microstructures with ST temperature in new alloy was investigated by changing ST temperature in the range from 1 048 to 1 173 K for 3.6 ks, followed by two cooling conditions, namely, water quenching and air cooling. The microstructure in the mid center area of the cross section of a disk-shaped specimen was observed using an optical microscope and a scanning electron microscope (SEM). a grain size and a volume fraction were quantitatively evaluated by optical and scanning electron micrographs using an image analysis software (Scion image). The b transus of new alloy was obtained from b-approach curve showing a variation in a volume fraction with ST temperature in aϩb two-phase region.
Tensile test specimens of a round bar shape with a gage portion diameter of 6 mm and a gage length of 42 mm were machined from alloy bars subjected to mill annealing at 953 K for 3.6 ks or recrystallization annealing at 1 073 K for 3.6 ks. For evaluation of superplastic properties, tensile tests at elevated temperatures were conducted using roundbar-shaped specimens with a gage portion diameter of 6 mm and a gage length of 5 mm. The tensile test specimens for evaluation of superplastic properties were heated in air at 1 048, 1 073, and 1 098 K using an electric furnace installed in a tensile testing machine, and a crosshead speed in the tensile test was 0.9 mm/min.
Cytocompatibility of various materials including new alloy was evaluated by a cell culture test using murine fibroblast L929 cells (RCB1422, Riken Cell Bank, Tsukuba, Japan). Materials used in this test besides new titanium alloy were Ti-6Al-4V, Ti-6Al-7Nb, 55Ni-45Ti (NiTi) alloy, C.P. titanium, and pure metals of Nb, Ni and Cu. All these materials were commercial round bar products with a diameter of 20 mm or 25 mm. Purity of pure metals was 99.99 % in Nb and 99.9 % in Ni and Cu. New alloy bar with a diameter of 16 mm was prepared by hot forging of aϩb processing as described above. These materials were annealed or solution-treated, and three disk-shaped specimens from a respective material were machined for a cell culture test. The disk size was 15 mm in diameter and 1 mm in thickness. These disks were polished to a mirror finish using Al 2 O 3 fine powders and ultrasonically cleaned in ethanol. Subsequently, these disks were sterilized in 70 % ethanol, polished further using the autoclaved SiC abrasive paper up to No. 1500, and rinsed with chloroform. All these steps were performed inside a clean bench. These disks were placed in wells of a 24-wells microplate. L929 cells (10 4 in number) suspended in 1 ml a-minimum essential medium (Invitrogen, Carlsbad, CA, USA) supplemented with 10 % fetal bovine serum (Invitrogen, Carlsbad, CA, USA) and 2 % antibiotics (penicillin-streptomycin-amphotericin, Invitrogen, Carlsbad, CA, USA) were then added to each well of 24-well microplate, and cultured at 310 K for 3 d in a humidified air with 5 % CO 2 . As control, the cells were also seeded into three wells without metal specimens. Colorimetric assay was carried out using a kit (Cell Counting 8, Doujin Chemical, Kumamoto, Japan) to evaluate the proliferation of L929 cells on metal disk specimens; a detailed method was described in the earlier paper by the authors.
11) Cell viability (%) was expressed as the optical density of specimen medium divided by that of control medium. Figure 1 shows variations in hardness with a cold rolling reduction in various alloys, and an arrow mark shown on the edge of data lines inside a respective figure indicates a rolling reduction for onset of cracking, that is, a critical rolling reduction. Cold workability of alloys can be evaluated on the basis of this critical rolling reduction and work hardening rate as well as the hardness value under the as ST condition. Figure 1(a) shows the effect of ST temperature on cold workability in the base alloy with Ti-4.5Al-4.5Nb-2Fe-2Mo. The increase in ST temperatures from 1 048 to 1 098 K yields very small influence on hardness under the as ST condition, and, however, decreases a critical rolling reduction and increases work hardening rate. In other words, the lower ST temperature is favorable for improvement of cold workability. This tendency is the same in other alloys as shown in Fig. 2 , where a reduction of ST temperatures from 1 098 to 1 048 K increases a critical rolling reduction in all alloys. Thus, results obtained at the lowest ST temperature of 1 048 K are shown in Fig. 1(b) and Fig. 3 .
Results
Effect of Alloying Elements on Cold Workability
It is found from Fig. 1 (b) that alloys with high oxygen content result in poor cold workability. Both alloys containing no aluminum and 1. Figures 3(a) to 3(d) show the effects of Al, Nb, Fe, and Mo contents on cold workability in a base alloy Ti-4.5Al-4.5Nb-2Fe-2Mo, respectively. Figure 3(a) shows the effect of Al content on cold workability. Alloys containing 3 % Al and 6 % Al show the higher critical rolling reduction of around 60 % over that of 4.5 % Al alloy. However, the former alloy has relatively high work hardening rate, whereas the latter alloy yields higher hardness under as ST condition. As shown in Fig. 3(b) , when the Nb content increases up to 6 %, the critical rolling reduction increases to over 60 % and hardness under as ST condition decreases. In addition, work hardening rate of this alloy is relatively low. As seen in Figs. 3(c) and 3(d) , the decrease of Fe or Mo content from 2 to 1 % has very small influence on both of hardness under as ST condition and work hardening rate. However, the former decreases a critical rolling reduction, whereas the latter improves it. With regard to the effect of Mo content, it was found that a reduction of molybdenum content led to a coarser aϩb two-phase microstructure, which is described in the Discussion.
Based on all results of cold workability and considering the effect of a respective element on the microstructure, it was concluded that the best compositions of new aϩb titanium alloy with excellent cold workability was Ti-4.5Al-6Nb-2Fe-2Mo.
Evaluation of Various Properties of Newly Developed Alloy
The microstructure and various properties of newly developed titanium alloy, Ti-4.5Al-6Nb-2Fe-2Mo, were evaluated using various specimens prepared from a round bar made by hot forging of aϩb processing. First, a variation in the microstructure with ST temperature was investigated, and the b transus of new alloy was determined from b-approach curve. Figures 4(a) to 4(c) show several microstructures evolved by water quenching, while those evolved by air cooling are shown in Figs. 4(d) to 4(f) . Microstructures evolved by heating at the temperature of aϩb two-phase region were observed using SEM because of the extremely fine two-phase microstructure, and area with a black color in scanning electron micrographs shows a phase formed at ST temperatures. An extremely fine aϩb twophase microstructure is observed at 1 048 K as seen in Figs boundary a as well as a small amount of acicular a in the matrix is formed by air cooling. The detailed analysis of these microstructures as well as aging response in new alloy will be reported in the other paper by the present authors.
12)
The variations in both a grain size and a volume fraction with ST temperature in two-phase region are shown in Figs. 5(a) and 5(b), respectively. An extremely fine a grain size approximately 1 mm is obtained at ST temperature of 1 048 K, and it coarsens to around 1.5 mm at 1 148 K. This increase in ST temperature from 1 048 to 1 148 K continuously reduces a volume fractions from 45 % to less than 10 %. The microstructure formed by air cooling yields slightly coarse a grain size and higher volume fraction of a phase at a respective ST temperature compared with that by water quenching, which appears to be caused by slower cooling rate from ST temperature. The temperature obtained by extrapolating a volume fraction to zero percent in b-approach curve is 1 156 K, which almost coincides with the b transus of the present alloy calculated by formulated equation.
Tensile properties of new alloy subjected to two kinds of annealing at ambient temperature are listed in Table 2 . The pancake-shaped microstructure evolved during mill annealing at 953 K, and the equi-axed two-phase microstructure with a grain size of 1.2 mm and a volume fraction of 41 % was formed during recrystallization annealing at 1 073 K.
Yield strength values of approximately 1 000 MPa and 920 MPa are obtained by mill annealing and recrystallization annealing, respectively. Values of elongation and reduction area of alloy subjected to recrystallization annealing are 19 % and 62 %, respectively, although these values vary depending on the gage length and the diameter of the specimen.
The tensile tests for evaluation of superplastic properties of new alloy were conducted at temperatures of 1 048 K, 1 073 K, and 1 098 K using specimens prepared from both of hot forged bar and annealed bar at 1 073 K for 3.6 ks. As the former resulted in much superior property to the latter at all testing temperatures, the results of the former are shown in Table 3 . Appearance of tensile test specimens before and after tests is shown in Fig. 6 . It is found that extremely superior superplastic elongation values reaching 3 000 % are obtained at testing temperatures of 1 048 K and 1 073 K. Microstructures in two locations of tensile testing specimens after testing were observed. One location is the mid-center area of cross section in grip portion and the other is near failure portion in the specimens. The a grain size measured in these locations is listed in Table 3 . The grip portion appears to be subjected to only heating, but not straining during tensile testing, where the pancake-shaped microstructure evolved under as hot forged condition varied to the recrystallized two-phase microstructure with an extremely fine a grain size ranging from 0.9 to 1.2 mm during testing at elevated temperatures. On the other hand, a grain size near failure portion coarsens to 2.4 to 2.8 mm, which is much coarser compared with grain size in grip portion evolved for the same heating time period. This result indicates that tensile straining accelerates grain growth of a phase in the two-phase microstructure.
Results of a cell culture test of various metals and alloys using L929 cells are summarized in Fig. 7 , where a range of data scatter and an average value of cell viability are shown in a respective material. Cell viabilities of three aϩb type titanium alloys and NiTi alloy are compared with that of control in Fig. 7(a) . The highest value of cell viability is obtained in new alloy, of which value is slightly higher than that of a control and is similar to that of NiTi alloy. Other aϩb titanium alloys of Ti-6Al-4V and Ti6Al-7Nb show cell viability values of approximately 70 to 80 % relative to that of control. Cell viability values of C.P. titanium and pure metals of Nb, Ni, and Cu are shown in Fig. 7(b) . Cell viability values of Ni and Cu result in zero percent, indicating that these metals are very toxic in the cell culture test. C.P. titanium shows superior cell viability compared with that of Nb, but its value is lower than that of new alloy or NiTi alloy.
Discussion
Alloy Designing of New a a؉b b Titanium Alloy
Alloy designing for new aϩb titanium alloy in this study was conducted for medical implants on the basis of evaluation of cold workability of various titanium alloys that do not contain toxic elements. In general, cold workability of most of the aϩb titanium alloys is much inferior to that of b type titanium alloys, and it can be improved by a reduction in hardness under ST condition, the increase in volume fraction of stable b phase, and a reduction in work hardening rate. The authors reported that thermal and mechanical stabilities of b phase were the most important factors for achievement of excellent cold workability in b titanium alloy. 11) In aϩb titanium alloys, b phase formed by heating at the temperatures in aϩb two-phase region transforms to aЈ or aЉ martensite and acicular a during cooling, or remains as retained b phase at the ambient temperature depending on thermal stability of b phase and cooling rate. [13] [14] [15] [16] [17] [18] Thermal stability of b phase is primarily controlled by alloy compositions. In a given alloy, chemical compositions of b phase formed in two-phase region widely vary with the volume fraction of a or b phase, which is determined by the heating temperature. Cold workability in various titanium alloys as shown in Fig. 1(a) and Fig. 2 improved with the decrease in ST temperature, which appears to be caused by the increase in mechanical stability of b phase due to enhanced enrichment of b stabilizing elements accompanied by the decrease in b volume fraction. 15, 18) The details of variations in the transformed microstructures with ST temperature in newly developed alloy shown in Figs. 4 and 5 were investigated.
12) The largest amount of retained b phase was formed at ST temperature of 1 098 K. It decreased rapidly with an elevation of ST temperature above 1 098 K, and decreased slightly below this ST temperature. As shown in Fig. 1(a) , cold workability of alloys with ST temperature of 1 048 K is much superior compared with alloys with ST temperature of 1 098 K, although the former contained the smaller amount of retained b than the latter. This is caused by enhanced mechanical stability of b phase formed at ST temperature of 1 048 K. The deformation-induced aЉ martensite transformation is caused by cold rolling because of relative mechanical instability in b phase with ST temperature of 1 098 K, which reduces cold workability. 18, 19) The similar behavior of the microstructural variation with ST temperature was observed in other b-rich aϩb titanium alloys such as SP-700 or b-Cez alloy. 5, 18) Consequently, cold workability of aϩb titanium alloy is improved by enhanced thermal and mechanical stabilities of b phase.
In general, the alloy with the higher b transus contains the relatively lower amount of b stabilizing elements, and it tends to forms aЈ martensite or acicular a during cooling from ST temperature because of relatively low stability of b phase. These transformed products deteriorate cold workability by the increase in hardness under as ST condition or poor ductility of acicular a. 8) On the other hand, the alloy with the lower b transus tends to form aЉ martensite together with retained b phase because of the relatively high content of b stabilizing elements, 5, 8) and these phases do not harden the transformed microstructure. 5, 12) Figure 8 shows the relationship between the b transus and hardness obtained under as ST condition and after cold rolling with 30 % reduction in various alloys used in this study. Hardness under as ST condition decreases with a reduction in the b transus, and it tends to become constant at the b transus below 1 135 K. This result coincides with a general trend between various microstructures and hardness obtained in alloys with the different b transus as described above. Alloys with the b transus below 1 135 K appear to yield a large amount of retained b phase, resulting in a very few hardness variation with the b transus. Hardness after cold rolling shows a constant value at the b transus from 1 135 to 1 190 K, and it increases below or above a respective temperature. Alloys with the b transus between 1 135 K and 1 190 K seems to be candidate alloys with an excellent cold workability for low hardness under as ST condition and low work hardening rate. However, a critical cold rolling reduction for onset of cracking obtained in various alloys was not simply associated with hardness or the b transus; this value appears to be affected by several factors such as hardness of a phase, a volume fraction, inherent effect of a respective element, or grain size besides hardness or the b transus of the alloy.
Alloying elements used in aϩb titanium alloys consist of a, b stabilizing and neutral elements. Aluminum is the most widely used as an a stabilizing element. In the present study, possibility of substituting aluminum with oxygen was investigated, and alloys containing high oxygen without Al or with 1.5 % Al showed very poor cold workability.
Solid solution hardening due to oxygen in a phase is very high, 20) and oxygen contained in high oxygen alloy is enriched preferentially in a phase, resulting in very high hardness in a phase. This appears to yield very high hardness values under as ST condition and low critical rolling reductions in both alloys containing high oxygen as seen in Fig. 1(b) . It is also well known that tensile ductility or fatigue strength obtained in aϩb titanium alloys is markedly affected by hardness of a phase and that cracking in tensile or fatigue testing occurs preferentially in a phase. 8, 21, 22) Thus, optimization of hardness of a phase is required to improve cold workability in aϩb titanium alloy.
It was found in Fig. 3 that a reduction in Al content and an increase in Nb content were favorable for improvement of cold workability; therefore the effect of Nb content ranging from 4.5 to 7.5 % on cold workability was investigated in two series alloys with basic compositions of Ti-3Al-2Fe-2Mo and Ti-4.5Al-2Fe-2Mo. These results are shown in Fig. 9 . Alloys containing 3 % Al show relatively higher work hardening rate compared with alloys with 4.5 % Al, independent of Nb content. The increase of Nb content up to 7.5 % does not improve cold workability over that of alloy containing 6 % Nb in both series alloys. Consequently, it is confirmed from these results that Al content of 4.5 % and Nb content of 6 % are the best compositions for new alloy.
The result shown in Fig. 3(d) indicates that a reduction in Mo content to 1 % may improve cold workability. As Mo has grain refinement effect through marked retardation of grain growth in titanium alloys, 5, 6) the effect of Mo content on a grain growth at 1 073 K and 1 133 K in Ti-4.5Al-6Nb-2Fe-XMo alloys was investigated, where X denotes Mo content ranging from zero percent to 2 %. It is confirmed from Fig. 10 that the alloy containing 2% Mo exhibited a markedly retarded a grain growth as well as a grain refinement under as ST condition compared with other alloys with Mo content less than 2 %. Refinement of the twophase microstructure in aϩb titanium alloy possibly brings about improvements in cold workability in addition to mechanical properties and superplastic properties, although the relationship between grain size and cold workability was not experimentally investigated.
Consequently, cold workability of aϩb titanium alloy is affected by thermal stability of b phase formed at ST temperature, hardness, a volume fraction, and the b transus of the alloy, refinement of the two-phase microstructure, and alloying elements. The chemical composition of new aϩb titanium alloy, Ti-4.5Al-6Nb-2Fe-2Mo, was determined by overall consideration and optimization of all of these factors, and new alloy showed excellent cold workability such as hardness under as ST condition of approximately 280 in Hv, low work hardening rate and a critical cold rolling reduction of over 60 %.
The Microstructure and Properties of Newly Developed Titanium Alloy
The b transus of new alloy obtained from b approach curve was 1 156 K, and it is lower by more than 100 K compared with the b transus of Ti-6Al-4V alloy. The b transus in new alloy appears to be the lowest among practically used aϩb titanium alloys. A very fine two-phase microstructure with a grain size of approximately 1 mm was evolved in new alloy bar by aϩb processing consisting of hot forging with a forging ratio of 5 and recrystallization annealing at 1 048 to 1 073 K. Evolution of an extremely fine microstructure in this alloy might be related to its very low b transus. It is well known that the microstructure of aϩb titanium alloy evolved by recrystallization annealing is primarily controlled by hot working conditions such as reheating and hot working temperatures or total rolling reduction (or forging ratio) in aϩb region. The reduced b transus in new alloy inevitably decreases these temperatures in aϩb processing. In addition, a fairly high forging ratio in manufacturing new alloy bar appears to contribute to evolution of an extremely fine two-phase microstructure.
This marked grain refinement also contributes somewhat to achieve high tensile strength and excellent ductility in the annealed alloy.
In general, alloys used for superplastic forming (SPF) such as aϩb titanium alloys or duplex stainless steels are required to have a high elongation value and lower flow stress at SPF temperature. In addition, lower SPF temperature is favorable for prevention of surface deterioration due to oxidation and for use of cheaper tool materials. This new alloy yielded a very high elongation value of 3 000 % at such a low temperature as 1 048 K. These excellent superplastic properties also may be attributed to low b transus and a very fine two-phase microstructure in new alloy. The most marked superplastic behavior in two-phase alloy occurs at the temperature yielding equal volume fractions in both phases and at strain rates ranging from 10 Ϫ2 to 10 Ϫ3 s
Ϫ1
. The true stress-strain curve behavior and a grain size dependence of flow stress in this range of hot deformation conditions in new alloy were investigated by hot compression tests, of which results will be reported by Poorganji and the present authors. 23) Cytocompatibility of new alloy was evaluated to be very high in the cell culture test. Pure Ni and Cu among various pure metals resulted in very high toxicity in this test, and C.P. titanium and Nb showed relatively high cell viability. NiTi alloy with a composition of 55Ni-45Ti yielded such high cell viability; its level was the same as that of new alloy, despite high Ni content in this alloy. These results indicate that cell viability of metals and alloys is primarily affected by both the amount of the metallic ions released into the culture medium and the toxicity of released ions. Release of Ni or Ti ions from NiTi alloy into the medium used in this study appears to be suppressed, thereby resulting in high cell viability. Cell viability of Ti-6Al-4V and Ti6Al-7Nb alloys was lower than that of new alloy. Quantitative chemical analysis of released ions into a cell medium using ICP mass spectrometer showed no large differences in the amount of the released ions among three titanium alloys, and thus, this cause was not made clear in this study.
Conclusions
Alloy designing of new aϩb titanium alloy with excellent cold workability, superplasticity, and cytocompatibility was conducted, and the microstructure and various properties of newly developed titanium alloy were evaluated. The following results were obtained.
(1) Cold workability of aϩb titanium alloys evaluated on the basis of cold rolling experiments could be improved by the increase of thermal and mechanical stabilities of b phase and by the decrease of hardness under as solution treating condition and work hardening rate.
(2) Substitution for aluminum with oxygen impaired cold workability. The chemical composition of new alloy was determined by optimization of contents of b stabilizing elements of Nb, Fe, and Mo, and Al.
(3) Newly developed titanium alloy with the composition of Ti-4.5Al-6Nb-2Fe-2Mo showed a critical cold rolling reduction for onset of cracking of over 60 %.
(4) The b transus of new alloy was obtained as 1 156 K from b-approach curve, and an extremely fine two-phase microstructure with a grain size of approximately 1 mm was evolved by recrystallization annealing at 1 048 to 1 073 K after hot forging of aϩb processing.
(5) Tensile strength of new alloy was approximately 1 000 MPa, and super plastic elongation value reached 3 000 % was obtained at tensile test temperatures of 1 048 K and 1 073 K.
(6) A cell culture test of new alloy was conducted using L929 cells in comparison with other titanium alloys and pure metals. This new alloy showed the highest cell viability values among various tested materials.
